21 used as initial and boundary conditions for regional models. In this context, hindcast simulations 22 from 2009 to 2012 are compared with available multi-platform observations at various spatial and 23 temporal scales to evaluate their performance. Both simulations reproduce well the observed mean 24 conditions and variability over the last years. The sub-basin scale analyses of the three-dimensional 25 ocean structures and water mass properties reveal seasonal and regional temperature and salinity 26 errors at the surface in both simulations, as well as significant biases at intermediate and deep layers 27 in the Mediterranean Forecasting System. The simulated surface geostrophic velocities are weaker 28 than those derived from altimetry, and circulation biases persist in the Balearic Sea. Additionally, 29 the seasonal existence of the Alboran gyres is not well reproduced in either simulation. The 30 identification of regional simulation biases is essential to advance from global to regional and local 31 scale forecasting, in particular, improving the representation of the local physical processes and 32 their interactions with the sub-basin dynamics and the general circulation. 33 34 35 36
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Introduction 40
The Mediterranean Sea is a particularly interesting oceanic basin for climatic, environmental and 41 physical studies since most of the ocean physical processes found throughout the world ocean occur 42 in this basin . These processes play an important role in governing 43 marine sub-systems dynamics (biology, acoustics, and sedimentology). The Mediterranean Sea 44 circulation is composed of three predominant and interacting spatial scales: basin scale (including 45 the thermohaline circulation), sub-basin scale and mesoscale. Its complexity is now well established 46 because of the wide range of spatio-temporal variability scales and their interaction, forming a 47 highly variable general circulation (Robinson et al., 2001 ).
48
Despite the increasing amount of available ocean observations over the last decades, which 49 has greatly enhanced our knowledge about the ocean state, variability and dynamics, these 50 observations remain limited in time and space. The satellite-derived products are restricted to the 51 surface and the coverage of in situ observations is generally sparse. In this context, ocean numerical 52 simulations provide a complementary source of information, which is very useful to better 53 understand the complexity of ocean dynamics at various spatial and temporal scales. In the 54
Mediterranean Sea, the internal Rossby radius of deformation is 0(10-15km), which is four times 55
smaller than typical values of the world ocean (Robinson et al., 2001) . Therefore, the study of the 56 ocean system requires high resolution in both observations and ocean models. The increase of 57 computer power and the progress in numerical techniques over the last decades have led to an 58 increase of the spatial resolution of ocean models, enabling them to represent or resolve the 59 mesoscale dynamics, and thus be potentially more realistic. High resolution modelling representing 60 realistic ocean variability at various spatial and temporal scales is a challenge for both the ocean 61 modelling and the operational oceanography communities in the coming years.
62
Comparisons of numerical simulations with multi-platform observations are necessary to 63 assess the performance of the simulations and to evaluate their capacity to reproduce observed 64 ocean features at various temporal and spatial scales. These comparisons are also used to quantify 65 the possible simulation biases and attempt to determine their origins. This in turn allows to improve 66 the hindcast and forecast simulations, to study and better understand ocean physical processes in 67 well simulated regions and to better address ocean variability analyses at interannual and longer 68 time scales. Several studies have compared simulations in the Mediterranean Sea with observations 69 investigating the mesoscale, the seasonal and interannual variability of the surface circulation using 70 altimetry (Bouffard et increase of observational data, and are needed to detect regional biases and to improve the local 97 physical processes, the sub-basin scale dynamics and the general circulation.
98
In this study, a regional and multi-scale assessment approach is proposed. The hindcast 99 MFS and Mercator simulations are evaluated and quantitatively compared at sub-basin scale with 100 available multi-platform observations (in situ measurements and satellite products) over the recentforming the Algerian Current, along the North African coast until crossing the Sardinia Channel 126 (8.5ºE) (Millot, 1999) .
127
In the northern part of the WMED, the northward currents along each side of Corsica join and form 128 the Northern Current (NC) in the Ligurian Sea (Millot, 1999 
Water mass characteristics 139
The WMED is a four-layer system with water masses originating from the Atlantic Ocean and the 140 eastern Mediterranean Sea or formed in the northern WMED. The AW gets into the Alboran Sea at 141 the surface. Farther east, it is advected eastwards by the Algerian Current along the North African 142 coast. After having recirculated in the eastern Mediterranean Sea where it became saltier through 143 air-sea interaction and mixing processes (Millot, 1999) 
208
(2) Delayed-time mapped absolute dynamic topography and associated geostrophic velocities from 209 altimeter missions are used to evaluate the general surface circulation and the mesoscale variability.
210
These data have been interpolated on a regular 1/8ºx1/8º grid and computed with a daily temporal 211 resolution. These products are derived combining all available satellites (up to four satellites at 212 given time). This dataset has been provided by AVISO-CLS SSALTO/DUACS (2014).
213
(3) Quality controlled in situ temperature and salinity profiles collected worldwide using various 214 instruments and compiled in the ENACT-ENSEMBLES EN4.0.2 database (Good et al., 2013) are 215 used to assess the hydrographic properties in depth and the representation of water masses.
216
Hydrographic data with different spatial and temporal sampling characteristics both in terms of 217 coverage and resolution are available. These data come from expandable bathythermographs 218 (XBTs), Argo floats and CTD transects including dense glider sections, especially in the Gulf of 219
Lion and the Liguro-Provencal basin. All data not flagged as "good" have been rejected. is also considered in this study (Fig. 1 ). These high-resolution data 224
will be used to accurately characterize and evaluate the water mass properties in the Ibiza Channel, 225 which is a key section since it is the place of water mass exchanges between the northern and the 226 southern parts of the WMED.
227
Some of these observations have been assimilated in the simulations, such as data from Argo floats 228
and XBTs, and remote sensing observations. The high resolution glider observations have not been 229 assimilated in the simulations, thus providing an independent assessment. 230
Data processing and assessment protocol 231
As the Boussinesq approximation is applied to the model equations, conserving the volume and 232 varying the mass, the simulations do not properly represent the steric effect of the sea level 233 (Greatbatch, 1994) . For this reason, the steric effect has been computed as the vertical integration, 234 from the surface to the bottom, of the specific volume anomaly (respect to the specific volume at 35 235 psu and 0ºC) and added to the sea level in the simulation before its comparison with observations. 236
The 
Mean conditions and variability at basin scale
In this section, the simulations are first evaluated and compared with observations in terms of mean 248 sea surface features and hydrographic properties at basin scale. 249
Sea surface temperature 250
The temporal mean and variability of the SST over the period 2009-2012 are first examined to 251 assess the large-scale features and differences between observations and simulations ( Fig. 2 and 3 ).
252
The mean observed SST (Fig. 2a) shows that the northern part of the WMED has the coolest waters 253 throughout the period, with a minimum of 16.4ºC in the Gulf of Lion due to the cooling effect of 254 frequent northerly Mistral and northwesterly Tramontane winds (Estournel et al., 2003) . The 255
highest mean values of observed SST are reached around the Balearic Islands and in the Algerian 256 basin with a maximum of 20.1ºC. The Balearic Sea experiences the largest temperature range over 257 the annual cycle (López García and Camarasa Belmonte, 2011). As shown in Fig. 2b , the 258 maximum of variability is found in this region with a standard deviation reaching 5ºC while the 259 minima are located in the Alboran Sea and the Gulf of Lion with standard deviations of 2.5 and 260 3.5ºC, respectively. 261
The MFS and Mercator simulations reproduce reasonably well the spatial structure of SST temporal 262 mean and variability over the analysis period (Fig. 2c,d ,e,f). Although SST data are assimilated in 263 both simulations, persistent differences with satellite products are highlighted (Fig. 3a,b,c,d ). In the 264 coastal Gulf of Lion, MFS and Mercator are colder than satellite products with ME of 0.8 and 265 0.7ºC, respectively, and RMSD higher than 1ºC (1.3 and 1.5ºC, respectively). In this region of 266 strong air-sea interactions , the simulations errors could be due to the 267 atmospheric forcing, wind and surface flux uncertainties. Additionally, the coastal area is subjected 268 to strong river inputs (the Rhone); the differences between satellite products and simulations may 269 also be explained by the climatological river runoffs applied to the simulations. The coastal areas 270 are also the place of wind-induced upwelling/downwelling (Bakun and Agostini, 2001 ) that may be 271 not well represented in satellite products and simulations. In the North Balearic frontal area, 272 differences are found for the mean SST (especially in MFS where the ME reaches 0.4ºC) and its 273 temporal variability (RMSD of 0.75 and 1ºC in MFS and Mercator, respectively), due to the 274 difference in the position of the simulated temperature front. Farther south, in the Balearic Sea, 275 which is a place of strong seasonal variability of SST, simulation errors are found, particularly in 276
Mercator where the ME and RMSD reach 0.4 and 0.75°C, respectively. Finally, in high mesoscale 277 activity areas, such as the Alboran Sea and along the Algerian coast, differences are also found in 278 terms of temporal mean and variability. The mislocation of mesoscale features can partially explain 279 the simulation errors. In the Alboran Sea, the differences may also be due to the inflow intensity 280 and orientation at Gibraltar or the mislocation of the confluence of recent and modified AWs. 281
Surface circulation 282

Mean geostrophic currents 283
The general surface circulation can be characterized and assessed through the temporal mean of 284 geostrophic currents. Fig. 4a depicts the temporal mean of the geostrophic velocities derived from 285 the altimetry over the period 2009-2012. In the Alboran Sea, the mean geostrophic velocity of the 286 WAG from satellite products reaches 0.6 m/s, in agreement with previous studies (Millot, 1999; 287 Renault et al., 2012) . The EAG has a weaker mean velocity (0.4 m/s) than the WAG because of its 288 lower intensity and more variable existence. The mean simulated surface geostrophic currents, 289 estimated from the simulated free surface, are shown in Fig. 4b ,c. In both simulations, the WAG is 290 well located but its mean velocity is weaker than the one derived from altimetry, especially in the 291
Mercator simulation where the differences reach 0.3 m/s. The simulated EAG is also too weak in 292 both MFS and Mercator with mean velocity up to 0.3 and 0.25 m/s, respectively. 293
Farther east, the Algerian Current, as depicted from altimetry, is stronger between 0º and 2ºE (with 294 a mean value reaching 0.5 m/s) than in the eastern part (0.25 m/s). In the western Algerian Current, 295 strong differences between Mercator and the altimetry products are found reaching 0.2 m/s. The 296 mean geostrophic velocities in both simulations are also weaker than in satellite products in the 297 middle and eastern parts of the Algerian Current where the mean biases reach 0.05-0.1 m/s. 298
In the western Ligurian Sea, the NC derived from altimetry has a maximum around 0.35 m/s. In 299 both simulations, the NC is weaker than in the satellite products. quantitatively with previous studies using altimetric products over a longer period (Pascual et al., 330 2014) . 331
The geostrophic KE and EKE have also been computed from the simulated surface geostrophic 332 currents. Fig. 5b,c (5e,f) show the mean differences between the simulated and observed KE (EKE). 
Vertical hydrographic structure 341
In situ vertical temperature (T) and salinity (S) profiles from Argo floats, XBTs and CTDs, the 342 positions of which are displayed in Fig. 1 , are used to complement the assessment to the vertical 343 dimension and to characterize the three-dimensional hydrographic structure of the observed and 344 simulated oceans. The medians of the distributions of T and S from observations and simulations, 345
and of the associated misfits (simulated minus observed values) within 100-m layer bins have been 346
computed. The 0-10m upper layer has not been considered to eliminate the diurnal cycle effects, 347 which are smoothed in the simulations by the daily mean computation. Moreover, most of data have 348 been collected below 10m. In addition, the dense CTD transects from glider missions have been 349 excluded to consider more homogeneous and random data from Argo floats and XBTs, to avoid 350 introducing a statistical bias due to the very large number of glider data along specific sections and 351 so to better estimate the regional simulation errors. Mercator with a maximum at 500m (from -0.02 to -0.03 and -0.07°C, respectively), except for 365
Mercator in 2009 and in wintertime. In the deeper layer (below 600 m), persistent significant cold 366 and salty median biases are found in MFS reaching -0.1ºC and 0.1, respectively, while weaker 367 biases are found in Mercator (warm bias < 0.03ºC and very slight bias in salinity). Note that MFS 368 assimilates the T/S profiles from Argo floats and XBTs only to 1000m depth. Considering deeper 369 data in the assimilation system might help to partially correct these biases. Additionally, in the 370 intermediate and deeper layers, the simulation biases might be related to the vertical mixing 371 parameterization. Investigating and improving this latter point might improve the simulations in the 372 reproduction of water mass characteristics. 373
Sub-basin and local scale analyses 375
This section extends the assessment from basin to sub-basin scale, analysing regional temporal 376 variability of surface features and hydrographic properties, as well as specific ocean processes. 377 6.1. Regional evaluation 378 6.1.1. Sea surface temperature 379
The monthly mean observed SST averaged over the WMED shows a clear seasonal cycle, which is 380 well reproduced in both simulations, although warm biases are found in spring-summer especially 381 in MFS (Fig. 7a) . The annual cycles in the seven regions (cf. Fig. 1 and then decrease in 2012. Concerning the annual standard deviations of the regional observed and 400 simulated SST (Fig. 7c) , largest values are found in 2009 in all regions. In general, the simulated 401 regional annual variability is weaker (larger) in Mercator (MFS) than in satellite products.
402
However, the regional interannual variability is properly represented in both simulations in terms of 403 amplitude and phase with correlations up to 0.9 in all regions (not shown). 404
Vertical hydrographic properties 405
The vertical structure of T and S simulation biases has also been investigated at sub-basin scale in 406 the seven regions defined in Fig. 1 (not shown) as in Subsection 5.3. At the surface, the regional T 407 and S simulation median biases are variable and depend on the season, the year and the simulation.
408
As revealed partially in Subsection 5.1, by comparing simulated mean SST with satellite products, 409 superficial warm biases are found in the Balearic Sea during the whole period. In the Gulf of Lion, 410 cold median errors of -0.03°C in both simulations are found in winter-spring. In the Alboran Sea, 411 the superficial temperature median differences are seasonal: warm in winter-spring (higher than 412 0.1°C), cold in summer-autumn (-0.02°C The main observed modes of SLA variability are found in both simulations (Fig. 8) . EOF1 436 represents a large part of the total variability with 65.2 and 60.9% in MFS and Mercator, 437 respectively. Their associated temporal components depict the observed annual periodicity. They 438 represent 71 and 83% of the observed EOF1 variability with a correlation of 0.65 and 0.91, 439 respectively. EOF2 is better reproduced in MFS than in Mercator in terms of both spatial pattern 440 and temporal variability. The Almeria-Oran front is well reproduced and located in MFS. The 441 associated temporal component represents 97% of the observed EOF2 variability and is relatively 442 well correlated with the observations (0.7). The comparison with observations is more critical for 443
Mercator. The spatial pattern of EOF2 in Mercator is completely different from the observed one 444
(not shown). The EOF in Mercator that looks more like the observed EOF2 is the third EOF, 445 depicted in Fig. 8 . However, this mode represents only 4.9% of the total variability. While the 446 WAG variability is not present in this EOF, the EAG, the eddy at the east and the associated 447 Almeria-Oran front are weaker in Mercator than in observations and located further west. Finally, 448 the associated temporal component displays a low correlation with the observations (0.37).
449
The EOF analysis in the Alboran Sea examines the Alboran gyres variability. However, it does not 450 indicate their presence or persistence. To complete the study, the observed and simulated KE 451 averaged in the WAG and EAG boxes have been computed. The boxes have been defined according 452
to the position of WAG and EAG in the satellite products, MFS and Mercator, respectively. Fig. 9  453 shows the time series of the Alboran-, WAG-and EAG-box-averaged KE from observations and 454 simulations. They have been low-filtered for clarity since the signal comprises very high temporal 455 variability. A clear seasonal variability is observed over the Alboran Sea (Fig. 9a) , with maxima 456 (minima) reached in spring-summer (autumn-winter) around 0.07 (0.03) m 2 /s 2 , which is the 457 signature of the WAG. Indeed, the correlation between the Alboran-and WAG-box-averaged 458 observed KE time series (Fig. 9a,b) is around 0.9. The observed KE is stronger in the WAG than in 459 the EAG (Fig. 9b,c Mercator, respectively. But, while the EAG in Mercator is not persistent as in the observations, the 472 simulated EAG in MFS has a quasi-persistence. 473
Water masses in key sections 474
Observational data from gliders are here considered. These are independent data that have not been 475 assimilated in MFS and Mercator. Very high-resolution hydrographic data have been collected 476 along CTD sections in the WMED. Three key sections in different areas of the WMED in 2011 477 have been selected and examined to study the presence of water masses related to their recent 478 formation and/or propagation.
479
As illustrated in Fig. 1 , T and S data have been recorded along a dense CTD section in the western 480 Ligurian Sea, in May-June 2011. The observed T/S diagram (Fig. 10a) shows the presence of the 481 characteristic water masses of the WMED: the AW in the upper ocean layer with temperature 482 greater than 13°C, the LIW with its T and S maxima, and Deep Water (DW) in the bottom layer (> 483 800m). The simulated T/S diagrams (Fig. 10b,c) The observed T/S diagram (Fig. 10d) highlights the presence of characteristic water masses of the 493 northern WMED: the AW and LIW that have been advected westwards by the NC from the 494 Ligurian Sea; the WIW and WMDW formed in the northern WMED in winter. The MFS and 495
Mercator simulations reproduce the main water masses in the Gulf of Lion during the winter 2011 496 (Fig. 10e,f) . However, T and S differences are found for the AW, especially in MFS with median 497 values of -0.03°C and 0.07, respectively. Differences between simulations and observations are 498 also highlighted in the T and S of WIW, particularly in MFS (median value around -0.26°C and 499 0.14, respectively). Finally, errors in T maxima associated to the LIW persist in MFS. In the bottom 500 layer (>800m), WMDW is present in both simulations although T/S median errors are found in 501 MFS (0.02°C/0.1) and Mercator (0.04°C/0.01).
502
Farther south, in March-April 2011, the SOCIB glider has recorded dense transects in the Ibiza 503
Channel at 39ºN. As highlighted by Heslop et al. (2012) , Juza et al. (2013) and in Fig. 11a , the 504 observed T/S diagram reveals the typical water masses of the WMED (AW, LIW, WMDW) and the 505 presence of WIW in the Ibiza Channel at 50-200m (Fig. 11d) . Juza et al. (2013) have shown, using 506 a regional high-resolution simulation, that the main part of the WIW going through the Ibiza 507
Channel during this period has been formed in the Ebro Delta region and has followed the 508 southward NC. Fig. 11 shows that Mercator represents the presence of WIW in the Ibiza Channel, 509 although T/S biases are found (0.2°C/0.13). MFS has very strong surface T/S biases (0.69°C/-0. 
Discussion and conclusions
517
The performance of available MFS and Mercator hindcast simulations with data assimilation in the 518 western Mediterranean Sea has been investigated. In particular, a quantitative assessment of 519 simulations at different scales, from basin to regional and local, has been carried out using an 520 extensive multi-platform observational data set: sea surface temperature from satellite products, sea 521 level anomaly and associated surface geostrophic currents derived from altimetry, temperature and 522 salinity vertical profiles from expandable bathythermographs and Argo floats, as well as high 523 resolution glider sections. The major findings are discussed first for the different scales and the 524 main conclusions presented thereafter.
525
At basin scale, temporal mean conditions, circulation and variability have been analysed for the 526 2009-2012 period: 527  The spatial structure of the temporal mean and variability of the simulated sea surface 528 temperature is well represented over the study period. The major differences between the 529 simulated and observed mean and variability have been found in the coastal Gulf of Lion, the 530 Balearic Sea, the Alboran Sea, and along the North African coast.
531
 The simulated general surface circulation is also in good agreement with observations in the 532 whole western Mediterranean Sea. However, the simulated mean surface geostrophic current and 533 kinetic energy are weaker than those deduced from satellite products, especially in sub-basins 534 characterized by significant and well defined quasi-permanent currents and mesoscale activity 535 (Alboran, Algerian and Northern Currents). In addition, circulation errors associated with the 536 western Corsica Current have been found in Mercator. Although this feature is masked by the 537 temporal mean over the analysis period, this is a critical point since the simulation might be used 538 as boundary conditions for higher resolution regional models in this area (e.g. WMOP, Juza et 539 al., 2015). Moreover, significant errors persist in other sub-basins in MFS, in particular in a key 540 transition sub-basin, the Balearic Sea. In this region, the ocean circulation acquires its 541 complexity by the bathymetry, the northern wind driven and thermohaline forcings, the shelf-542 slope exchanges, the strong mesoscale activity, the southern thermohaline forcing, and the water 543 mass transport and exchanges between the northern and southern regions. 
